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CONTRIBUTIONS TO THE HYDROLOGY OF THE UNITED STATES

GEOLOGY AND GROUND-WATER APPRAISAL OF THE
NAVAL AIR MISSILE TEST CENTER AREA,
POINT MUGU, CALIFORNIA

By R. W. Pace

ABSTRACT

The Naval Air Missile Test Center at Point Mugu, Calif., is at the southeast
edge of the Oxnard Plain in southern Ventura County. The Oxnard Plain is
about 15 miles long and is traversed by the Santa Clara River near its northwest
margin and by Calleguas Creek on the southeast. On the north and east the
plain is bounded by highland areas underlain by rocks that are, for the most
part, not water bearing. The water-bearing deposits beneath the plain are com-
posed of floodplain and marine sedimentary deposits that yield large quantities
of water to wells. The water body generally is semiconfined between lenses of
clay and is contained in deposits of silt and sand of late Tertiary and Qu-~ternary
age. The semiconfined water body beneath the test center area extends con-
tinuously from beyond Hueneme Road on the north to beneath the Pacific Ocean
on the south and west and to the base of the Santa Monica Mountains on the east.

The chemical quality of the ground water varies with depth. Water in the
deposits extending from land surface to about 150 feet below land surface is
reported to be brackish or salty, but in the deposits from about 150 to about
1,000 feet, the water is generally relatively fresh and is predominantly a calcium
sodiumr sulfate type. The water from about 1,000 to about 1,550 feet be'ow land
surface is brackish or salty. Sea-water encroachment into the deposits contain-
ing fresh water has begun near Port Hueneme where water in some wells is
reported to be salty. Owing to a landward hydraulic gradient, sea-water en-
croachment is a definite threat to the water supply at the test center. ITowever,
conclusive evidence of sea-water encroachment into the deposits ben>ath the
test center is lacking.

Ground-water discharge (pumping and natural discharge) has exceeded re-
charge beneath the test center proper and the Oxnard Plain in general. Conse-
quently, a decrease in the amount of ground water in storage has occurred.
However, much of this decrease may have occurred in the area of urconfined
aquifers to the north of the test center, and a lesser amount of this decrease
has occurred in the semiconfined deposits of clay, silt, and sand urderlying
the test center.

An expanding need for water at the test center necessitates an orderly plan
of development of the existing water supply in the area. To supply the ircreasing
demand for water, three possible sources for future use are: continued use
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of deep, 500 to 750 feet, aquifers at the test center and expansio~ of that source,
either by construction of new wells or by purchase of existing wells, or both;
development or purchase of a supply of water from a source outside the test
center and far enough inland so that the threat of sea-water encroachment
would be greatly reduced; and possible development of water from the depth
between 750 and 950 feet beneath the test center.

INTRODUCTION
PURPOSE AND SCOPE OF THE INVESTIGATION

The U.S. Naval Air Missile Test Center at Point Mugu, Calif.,
borders the Pacific Ocean and overlies part of a large ground-water
basin from which the test center pumps its water suprly. Owing to
the expansion of its facilities, the test center increased its water con-
sumption in 1959 by nearly 500 acre-feet more than that of 1958 and
by nearly 1,100 acre-feet more than that of 1949. To meet the in-
creasing demand for water, the test center must utilize fully its present
water-supply facilities as well as develop further the supply of water
beneath the test center. With continued expansion it also may ulti-
mately be necessary to import water from a source outside the test
center.

The U.S. Geological Survey began the ground-water investigation
of the U.S. Naval Air Missile Test Center at Point Mugu, Calif., in
October 1957. The investigation was made for the Department of
the Navy to appraise the ground-water resources of the test center
and to determine the adequacy of the water supply for present and
future needs. Among the urgent questions concerning the test center’s
critical water-supply problem are the following:

1. What is the relative balance between the recharge and discharge as interpreted
from hydrographs showing water-level fluctuations of ground water in the
deposits beneath the test center?

2. Does sea-water encroachment threaten the tfest center ground-water supply ?

3. What is the quality of water in the deposits beneath the test center?

4. What sources are available to develop an adequate water supply to meet
increasing requirements?

The scope of the work required to answer these questions included
data collection and a review of previous ground-water reports on the
area. All known hydrologic data for the test center and vicinity were
assembled, and nearly all wells south of Hueneme Road were field
canvassed. The tabulation, review, and interpretation of this infor-
mation provided the basis for the present report, which describes
the hydrology of the area in relation to geology and the occurrence,
movement, and chemical quality of the ground water. Geologic cross
sections were prepared to show the lithologic character, thickness, and
continuity of the water-bearing deposits beneath the test center and
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vicinity. Water-level fluctuations in wells were tabulated and inter-
preted in relation to ground-water pumpage which has created a
possible critical overdraft from the ground-water reservoir. A water-
level contour map shows that the hydraulic gradient is landward,
permitting encroachment of sea water into the fresh-water zones,
and thus posing a critical threat to the test center ground-water
supply. Quality-of-water data provided information used to delineate
depth zones containing water of significantly different quality and
to help determine the rate of sea-water encroachment into the deposits
beneath the test center area.

This study was made by the U.S. Geological Survey, under the
general supervision of H. D. Wilson, Jr., district engineer, and under
the immediate supervision of Fred Kunkel, geologist in charge of the
Long Beach subdistrict office. L. C. Dutcher, geologist, contributed
substantially to the preparation of the report by providing the author
with technical and editorial guidance.

LOCATION AND GENERAL DESCRIPTION OF THE AREA

The area of investigation (fig. 1) lies between long 179° and
119°16” W. and about lat 34°03" and 34°15" N. Tle area
canvassed in detail for well data is bordered on the east by the
Santa Monica Mountains, on the west by Port Hueneme, on the north
by Hueneme Road, and on the south by the Pacific Ocean (pl. 1).

Oxnard, the principal town in the area, is reached from the north
by U.S. Highway 101 and from the Los Angeles area by U.S. High-
ways 101 and 101 Alternate. The U.S. Naval Air Missile Test
Center occupies an area of about 4 square miles at the south edge
of the Oxnard Plain. The plain borders the Pacific Ocean and
extends northwestward about 15 miles from Point Mugu to the city
of Ventura, which is about 514 miles northwest of the mappad area.
The plain, which has an average width of about 10 miles, is tra-
versed by the Santa Clara River on the northwest and by the Cal-
leguas Creek on the southeast. On the north and east the Oxnard
Plain is bordered by highland areas which are underlain mostly
by consolidated rocks that yield little water. Alluvium-filled re-
entrant valleys locally extend deep into the highland areas, forming
an irregular border with the flat lowlands of the Oxnard Plain.
Except for the test center the principal land use in the are~ is for
cultivation of row crops.

PREVIOUS INVESTIGATIONS

Several previous geologic and hydrologic reports on Ventura
County, the Oxnard Plain, and the test center area contain data that
are pertinent to the present study.
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Eldridge and Arnold (1907) described the geologic structure in
several Ventura County oil districts as well as the lithology and
distribution of the Modelo, which has since been restricted ty Win-
terer and Durham (1958), and other geologic formations. Kew (1924)
and Durrell (1954) reported on similar studies in Los Angeles and
Ventura Counties, and Bailey (1935) described other geologic for-
mations which underlie the test center area.

The earliest reports concerning the water supply for the area were
by the California Division of Water Resources (1933 a, b). These
reports describe the geology and hydrology of the Oxnard Plain
and vicinity and contain much data on rainfall, percolation, and
ground-water storage of the area.

In addition to the published reports the Navy made available to
the Geological Survey several unpublished reports prepared for the
Navy (written communications 1947, 1948, and 1949). These re-
ports described the geology and hydrology of the Oxnard Plain and
vicinity, the possible salt-water encroachment along the co-st, the
demand for water in the area, water-level contour maps for 1941
and 1946, other illustrations, and data showing the fluctustion of
the water table, recharge, discharge, precipitation and runoff, chem-
ical quality, and use of water in the area.

A report by Poland, Garrett, and Mann (1948) deals with the
sources of an adequate future water supply at the test center. The
report summarizes the available data and includes a brief statement
of geologic and hydrologic conditions beneath the Oxnard Plain and
a summary of the conditions with respect to possible sea-water en-
croachment near the test center and Port Hueneme.

The present and future demands for water within the district
were reported on by the United Water Conservation District (1953).
This report proposes dams, reservoirs, and spreading grounds to
meet the water demand and also lists cost estimates for their
construction.

The California State Water Resources Board (1956 a, b) prepared
a report on the hydrology and geology of Ventura County which
describes ground-water basins, reservoir sites, projécts for importing
water, and the possibility of sea-water encroachment in the Oxnard
Plain. This report also includes data on precipitation, runof’, water
requirements and uses, and chemical quality of ground water.

The California Department of Water Resources (1959 a, b) studied
the quality of surface- and ground-water supplies in Ventura County,
the probable effects of future development upon water quality, and
the feasibility of reclamation of sewage water.

690461 0—63——2
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The basic data for the present study have been tabulated through
January 30, 1959, in a separate report by Page and Kunkel (1960).
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supplied information concerning their wells.

WELL-NUMBERING SYSTEM

Prior to the work done by the Geological Survey in the test center
area, two well-numbering systems were in use. A “locetion” number
which was based on an arbitrary grid was used by the Ventura County
Department of Public Works and the United Water Conservation
District. The California Department of Water Resources used a
numbering system based on the location of the well in reference to
the rectangular system for the subdivision of public land.

The system used in this investigation is the same as that presently
used by the California Department of Water Resourcss and by the
Geological Survey in all recent ground-water investigations in Cali-
fornia. It hasbeen adopted as a standard system by the State Depart-
ment of Water Resources and by the California Weter Pollution
Control Board.

Wells are numbered according to their location in th= rectangular
system for the sitbdivision of public land. For example, in the number
1N/21-31L1, the part of the number preceding the slash indicates
the township (T. 1 N.), the part between the slash and the hyphen
indicates the range (R. 21 W.), the number between the hyphen and
the letter indicates the section (sec. 31), and the letter indicates the
40-acre subdivision of the section as shown in figure 2.

Within each 40-acre tract the wells are numbered sevially as indi-
cated by the final digit. Thus, well 1N/21-31L1 is tho first well to
be listed in the NE1,SW1/ sec. 31, T. 1 N., R. 21 W., Sen Bernardino
base line and meridian.

The wells in the test center area are either in the northwest or the
southwest quadrant of the San Bernardino base and meridian lines.
Thus, well 1S/21-4E1 is in the SW14,NW1; sec. 21, T. 1. S,, R. 21 W,
and well 1N/21-25E1 is in the SW1,NW1; sec. 25, T. 1. N,, R. 21 W.
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FIGURE 2.—Diagram showing well-numbering system.

Because all of the wells in the test center area are west of the San
Bernardino meridian, no letter abbreviations are necessary in range
designation.

For wells not field located by the Geological Survey, the letter desig-
nating the 40-acre tract has been omitted and replaced with the letter
Z. Thus, 1S/22-1Z1 indicates a well that was plotted on the mep from
an unverified location description.

GEOLOGIC UNITS AND THEIR WATER-BEARII'G
PROPERTIES

The test center area is underlain by about 1,500 feet or more of un-
consolidated water-bearing deposits from which the test center water
supply is obtained. These, in turn, are underlain by consolidated,
virtually non-water-bearing rocks which are exposed in the highland
area bordering the Oxnard Plain (pl. 2).

The geologic units beneath the test center area are discussed in order
of their age, from oldest to youngest, and are grouped either as con-
solidated rocks or unconsolidated deposits. The areal extent of the
geologic units exposed in the area is shown on plate 1.

The consolidated rocks include sedimentary rocks of the Vaqueros
formation of early Miocene age and sedimentary and volcanic rocks of
the Topanga formation of middle Miocene age (Durrell, 1954, map
sheet 8). The Pico formation of late Pliocene age, which does not
crop out in the area but is encountered in wells, also is inclvded in
the consolidated rocks. These rocks are divided on plate 1 only into
sedimentary and volcanic rocks. The unconsolidated deposits include
the Santa Barbara formation (Bailey, 1935, p. 492-494) of early
Pleistocene age, the San Pedro formation of early Pleistocene age,
unnamed deposits of late Pleistocene age, and alluvial and coastal
deposits of Recent age. Plates 1 and 2 show the generalized strati-
graphic and structural relationships of the geologic units.
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CONSOLIDATED ROCKS

Sedimentary rocks of Miocene age, the oldest consolidated rocks in
the test center area, are about 7,800 feet thick as defined by Kew (1924,
p. 8), but beneath the test center area they probably are not much
more than 2,000 feet thick. The rocks crop out in the Santa Monica
Mountains, east of the test center, where they consist primarily of
sandstone, conglomerate, and shale. No wells are known in the outcrop
area of the sedimentary rocks, but well 1N/21-31L1 (table 1) is
believed to penetrate them at a depth of about 1,545 feet below land
surface.? The water-bearing character of the consolidated sedi-
mentary rocks has not been tested adequately, but the unit probably
yields little water.

Volecanic rocks of Miocene age, which also crop out in the Santa
Monica Mountains, are probably more than 2,000 feet thick. They
consist of intrusive and extrusive basalt, andesite, and rhyolite and
associated agglomerate and mudflows of the Topanga formation. No
wells are known in the outcrop area but well 1N/21-31L1 reportedly
penetrated volcanic rock between 1,573 feet and the bottom of the well
at 1,583 feet below land surface (T. L. Bailey, written communication,
1949a). Although the water-bearing character of the volcanic rocks
has not been tested adequately, they probably contain only small
amounts of water in fractured zones.

The Pico formation of Pliocene age, which does not crop out in the
area, is about 75 feet thick beneath the test center. The formation,
consisting of marine clay, shale, and carbonaceous sandstone, was not
differentiated from the Santa Barbara formation by Bailey (1935, p.
492-494). However, Bailey (written communication, 1949) states
that in well 1N/21-31L1 the Pico was penetrated at a depth interval
from about 1,470 to 1,545 feet below land surface. The water-bearing
character of the Pico formation has not been tested adequately, but
because the formation is consolidated, it is prokably of low
permeability.

UNCONSOLIDATED DEPOSITS

Although their water-bearing character has not been tested ade-
quately to determine their full potential, the unconsolidated deposits
are water bearing, and they are the source for the test center ground-
water supply.

The Santa Barbara formation (Bailey, 1935, p. 492-494) of Plei-
stocene age does not crop out in the test center area, but is present in

1 Well 1N/21-31L1, which penetrates the geologic units that do not crop out in the test
center area, was logged by Bailey (written communication, 1949a), ard his descriptions
were used to interpret the subsurface geology. These units, though known to be present,

cannot be differentiated on plates 1 and 2 without additional detail~d paleontological
studies which are beyond the scope of this report.
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the depth interval from about 690 to 1,470 feet below land surface
at the test center. It consists of about 780 feet of marine clsy, shale,
silt, sand, sandstone, and gravel, as shown by the log of vell 1N/
21-31L1 (table 1). The formation probably was penetrated in other
deep water wells throughout the area, although it was not distin-
guished because the contact with the overlying younger deposits
cannot be recognized readily in drillers’ logs of wells. The Santa
Barbara formation is a source of ground water at the test center.

The San Pedro formation of early Pleistocene age, which crops out
in the Camarillo Hills, is present in the depth interval from about 420
to 690 feet below land surface in well 1N/21-31L1 at the test center.
The formation consists of yellowish-brown to gray silt, sand, and
gravel, and contains marine fossils. Though not differentiated from
the unnamed deposits shown on plate 1 the San Pedro formation is
known to be penetrated by numerous wells and yields water freely to
many of them.

The unnamed deposits, which crop out in the low hills at Camarillo
and in La Jolla Valley, are present in the depth interval from about
200 to 420 feet below land surface at the test center. They consist of
nonmarine clay, silt, sand, and gravel and include some interbedded
fossiliferous marine beds. The unnamed deposits, tentatively classi-
fied as late Pleistocene in age, are closely associated with the San
Pedro formation and locally may belong to that unit, althougl the San
Pedro formation is of early Pleistocene age. However, the unnamed
deposits in La Jolla Valley may be of Recent age (Agmon, IXmanuel,
written communication, 1956). Where saturated, these deyosits are
highly permeable and yield water freely to many irrigation wells in
the test center area.

The alluvial deposits of Recent age that underlie the Oxnsrd Plain
and the stream channels range in thickness from a few inches at the
margins of the hills to a maximum of about 200 feet beneat! the test
center. They consist of lenticular beds of unconsolidated gravel,
sand, silt, and clay beneath the Oxnard Plain; mud, silt, and peat in
the tidal marshes; and gravel and sand along the stream channels.
The deposits along parts of the Santa Clara River, Calleguas Creek,
and most smaller streams are estimated to be not more than about 30
feet thick. The channel deposits usually are not saturated during
the dry season. However, during periods of runoff they transmit
large quantities of water from the streams to the ground-water body.
The alluvial deposits are highly permeable and, where saturated, yield
water freely to wells.

Deposits of windblown sand and beach sand of Recent age, about
10 to 30 feet thick, form a narrow, almost continuous belt along the
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coast. For the most part they are not saturated, but vhere they con-
tain water it is too salty for ordinary use.

The San Pedro formation cannot be differentiated from Recent
alluvium or the Santa Barbara formation of Bailey (1935) from well
logs showing only lithology. The logs (table 1) of wells 1IN/21-31L1,
1N/21-32A1, 1N/21-32G1, and 1N/21-32K1 are representative of
these deposits for the depths penetrated. Other logs in the area are
given by Page and Kunkel (1960, table4).

TaBLE 1.—Logs of selected water wells

Thickness Depth
(feet) (feet)

1N/21-27F1. Broome Ranch

[Alt 13.7 ft. Drilled by Henry Hatherly in 1926. 18-in. casing, perforated 425-426, 457460, 584-588, 611-
616, 687—692, 705-710, 749-757, and 824-836 ft]

Clay - o e 134 134
Clay with a little gravel . __ ___ . 1 135
Blue clay and hardpan_ _______ _________________________. 250 385
Redelay._ - - e 36 421
Blueelay. .o 4 425
Gravel, water-bearing._ ___ __ . ______ . __.______. 1 426
Redsandyelay_ .. ______ 24 450
Blueelay. - .. 5 455
Gravel . - _ . 2 457
Sand, blueelay__ ... ... 13 470
Blue sand._ . _________ . 13 483
Blueelay._ . - i 7 490
Redelay. - . e 30 520
Red clay and gravel, water - . __ - __________________ 10 530
Blue clay with a littlesand . .. - _ . ____________________ 50 580
Cemented gravel - _ _ o _____.__ 4 584
Blue elay .- - o e 24 608
Cemented formation. . __ ___ ___ . ________ 3 611
Blue sand._ . e 66 677
Blueelay_ .. . 3 680
Sand, gravel, and shells__________________________________ 3 683
Cemented formation with shells_ . .. _____._________________ 4 687
Bluesand. _____ . _ e 14 701
Layers of cement formation and shells_____________________ 4 705
Blue clay and silt-__ - ___ L ___._____ 38 743
Gravel, not much water_ . _______________________________ 6 749
Sand_ _ e 63 812
Gravel________. U 12 824
Solid roek _ _ . e 16 840
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TaBLE 1.—Logs of selected water wells—Continued

Thickness Depth
(feet) (feet)

1N/21-31L1 (supply well 3). NAMTC
[Alt 8.89 ft. Drilled by Van Noy in 1949. 26-in. casing to 310 ft, 16-in. casing to 350 f¢, 12-in. casing
to 1,000 ft; originally perforated 350-420, 476-530, 620-700, and 810-972 ft. Cement plug reportedly set
in well at 750 ft after 1950. Log by T. L. Bailey, consulting geologist]

Sand, mostly fine_________ ____ o ____ 95 95
Sand, coarse, and gravel and streaks of blue clay__ ___.______ 30 134
Sand, light-gray, fine, and blue elay_ .. __________________ 7¢ 212
Gravel, light-gray, elean_________________________________ 50 271
Clay, blue, and thin silty sand and gravel streaks_______.____ 79 350
Sand, gravelly and pebbly . _ . ___________________________ 70 420
Clay, blue-gray ___ .. . 20 440
Sand, fine, silty________________ . __ 12 452
Clay, dark-gray _ _ _ e 15 467
Gravel and coarse sand_________________________.________ 71 538
Sand, medium to fine, silty - ___________________________ 64 602
Sand, dark-gray, silt and silty____________________________ 1£ 620
Sand, coarse, and gravel . ____________________________._.__ 70 690
Clay, blue, fine to medium, and sandy silt. ... ____________ 42 732
Sand, medium to fine, and gravelly streaks_________________ 50 782
Silt, blue and fine sand._ _ ________________________________ 28 810
Sand and gravel, medium to coarse. . - _________________ 80 890
Sand, medium to coarse, and fine silty sand streak__________ 6¢ 958
Sand, medium to coarse (fair water) . .. .. _________________ 4% 1, 000
Sand, medium to coarse (brackish water) . _________________ 50 1, 050
Silt, blue-gray, sandy and fine silty sand___________________ 6C 1,110
Clay, blue-gray, shaly__________ . ____________._ ... 50 1, 160
Sand, dark-gray, medium to fine, carbonaceous_.__._________ 4C 1, 200
Clay, dark-gray, carbonaceous, shale, and sandy shale_______ 1£ 1,218
Shale, gray, clayey, and shaly elay. . __.________________ 12¢ 1, 346
Shale, light-gray, silty, thinner beds of friable sandstone____._ 124 1, 470
Shale, soft, carbonaceous_ _ _ _ . _________________ 12 1,482
Sandstone, dark, friable, interbedded with brownish-black

soft laminated clay-shale  _____________________________ 61 1, 543
Sandstone, dark-gray, bard __ ____________________________ 3C 1, 573
Basalt, dark-green, altered_______________________________ 10 1, 5683

1N/21-32A1 (supply well 5). NAMTC

[Alt about 10 fi. Drilled by Midway Drilling Co. in 1958. 16-in. casing perforated from 645-745 ft.
Log by Geol. Survey)

Silts, greenish-brown, fine sand lenses_ _ ___________________ 78 75
Sand, coarse, pebble-size, well-rounded, some marine shells___ 20 95
Clay, silty, fine sand - - .. 20 115
Sand, coarse, pebble-size, well-rounded, some fine sand,

marine shells___ _ . ___ ___ .. 21 136

Clay, silty, bluish-gray, some coarse sand____.______________ 14 150
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TaBLE 1.—Logs of selected water wells—Continued

Thi~kness
(feet)

Depth
(feet)

1N /21-32A1 (supply well 5). NAMTC—Continued

[Alt about 10 ft. Drilled by Midway Drilling Co. in 1958. 16-in. casing perforated from

645-745 ft. (Log by Geol. Survey]

Sand, coarse, pebble-size, subrounded to rounded, some

marine shells__ __ __ L ____ 20
Clay, bluish-gray, finesand . . ____________________________ 9
Sand, fine to coarse, subrounded torounded._______________ 10
Clay, bluish-gray, finesand . _ . ___________________________ 10
Sand, fine, silty, well-rounded - _ __ . _______________________ 9
Clay, bluish-gray, finesand. _____________________________ 7
Sand, fine to coarse, well-rounded, silts_ - __________________ 14
Clay, finesand . __________________ . _______. 10
Sand, fine, to coarse, some silt..__________________________ 12
Clay, brown, silt and finesand. . ___._____________________ 18
Silt to coarse sand, little clay, shell fragments_._.__________ 113
Clay, silt, finesand_ .. ______________________________ 13
Sand, fine to medium, some silt, clay, and shell fragments__ _ 65
Clay, silt, some finesand_ . _____________.________________ 16
Sand, fine to medium, blue-gray, well-rounded, some silts and

elays e 134
Clay, blue-gray, finesand and silt . _ . _____________________ 26
Sand, fine to medium, well-rounded, blue-gray, some silts and

elays_ . ___ e 116
Sand, fine to medium, well-rounded, blue-gray, some silts and

elays._ o e 51

170
179
189
199
208
215
229
239
251
269
382
395
460
476

610
636

752

803

IN/21-32G1 (supply well 1). NAMTC

[Alt 10.00 ft. Drilled in 1943. .12-in. casing perforated 121-137, 311-32%, and 417432 ft.

Log from Navy, presumably by driller];

Soil e 3
Clay, yellow . _ _ e 19
Clay, blue- - _ e 12
Sand, fine__ ___ __ _ . 18
Clay, sandy ___ __ _ e 14
Clay, blue_ - _ . _ __ e . 12
Sand, fine____ __ e 20
Clay, blue._ __ _ e 24
Sand._ e 14
Sand and 1-inch gravel _________________________________ 16
Clay, yellow . _ _ e 4
Sand, fine_ . ___ e 12
Clay, yellow _ - __ oo 12
Sand, fine, and gravel . . __ _______________________________ 12
Clay, blue. . ___ e 13
Sand, blue, fine____ __ _____ e _. 35
Clay, blue. __ ___ oo 4
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TABLE'1.—Logs of selected water wells—Continued

S13

Thickness
(feet)

Depth
(feet)

1N/21-32G1 (supply well 1). NAMTC—Continued

[Alt 10.00 ft. Drilled in 1943, 12-in. casing perforated 121-137, 311-325, an? 417-432 ft.

Log from Navy, presumably by driller]

Sand, blue_ _ e
Clay, blue_ . __ . e
Sand, blue_ _ - e
Clay, blue, sandy_ .
Sand, fine__ .. __ o
Clay, blue_ - _______ .
Gravel, 2-ineh__ _ __ .
Clay, blue_ - ____ e
Sand, blue_ _ e

Sand, blue, coarse - _ _ _ ___ _ _ ..
Sand, blue, fine___ . . ___ _ e
Clay, blue_ _ _ ___ e
Sand, blue, fine_ ___ ___ ___ ___ .

12
23
3
10
6
14
12
6
36
12
6
14
8
2
26

256
279
282
292
298
312
324
330
366
378
384
398
406
408
434

1N/21-32K1 (supply well 2). NAMTC

[Alt 946 ft. Drilled in 1943. 12-in. casing perforated 460470, 544-550, and 575-593 ft.

Log from Navy, presumably by driller]

Clay, yellow . - _ e
Clay, blue_ _ e
Sand, blue, fine____ . __ ___ oo
Clay, blue_ - __ e
Sand, blue, fine_______ ___ ___ .
Clay, blue _ _ ___ e
Clay, yellow _ _ __ e
Sand, yellow, fine_ . ___ ____________ o ____.
Clay, blue . _ e
Sand, yellow _ o eeo
Clay, yellow_ _ e
Sand, blue, fine_____ .
Clay, blue . _ _ _ e
Sand, blue, fine___ . _ .
Shale, blue____ e~
Sand, ecemented _ _ _ __ __ ___ ___ __ _____ o _.___
Sand, blue, fine. __ . _____ o oo.
Sand, blue_ _ . el
Sand, blue, fine__ __________ o eoo_
Sand, blue_ _ __ .
Sand and gravel ___ _ _ __ __ ____ __ ..
Sand, blue_ _ _ .
Sand, blue, and some shells _ _____ ____ ___________________

690461 0—63——3

20

35

74

94

98
124
138
150
160
186
202
228
290
296
306
320
332
360
390
460
470
508
520
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TABLE 1.—Logs of selected water wells—Continuel

Thickness

Depth
(feet)

(feet)

1N/21-32K1 (supply well 2). NAMTC—Continued

[Alt 9.46 ft. Drilled in 1943. 12-in. casing perforated 460—470, 544-550, and 575-593 ft.
Log from Navy, presumably by driller]

Sand, blue, fine____ __ ____________ o _.___ 24 544
Sand and gravel __ __________ _______ L _____ 6 550
Sand, blue__ . ______ o 22 572
Sand and gravel . ______________ ... 18 590
Clay, blue, sandy__ . __ ______ .. 32 622

GROUND WATER

In any area, records of water-level fluctuations in wells, discharge
of water from the deposits, and quality of water in the deposits are
helpful in interpreting past and present hydrologic conditions and in
planning future ground-water development. This is particularly true
in the test center area where the geologic and ground-water condi-
tions are complex. The records that were collected were used to
evaluate the problems described in the introduction, and to interpret
the source, occurrence, and movement of ground water in the area.

All the ground water pumped from wells in the test center area
is withdrawn from the unconsolidated deposits beneath the Oxnard
Plain (pl. 1). These deposits contain a continuous ground-water
body whose areal extent, as shown by logs of existing wells, is approxi-
mately coextensive with the Oxnard Plain (pls. 1 and 2). The bottom
of the water body is poorly defined, but it coincides with the top of
the consolidated rocks.

The water-bearing deposits in the vicinity of the tes* center range
in thickness from a few inches along the landward margin of the
Ozxnard Plain to about 1,500 feet along the coast. Beneath the test
center the thickness is shown to be more than 803 feet in the vicinity
of well 1N/21-32A1 and about 1,500 feet in the vicinit> of well 1N/
21-3111 (pl. 2). Bedrock was reported at a depth of 325 feet in well
1N/21-33E1, but that report is probably in error. The« log of well
1IN/21-27F1 (table 1), about 114 miles north of the test center, shows
consolidated rock at a depth of 824 feet, which indicates that the
thickness of the water body is about 790 feet in this area (pl.2). Other
wells in the area south of Hueneme Road penetrate only water-bearing
deposits and do not reach the consolidated rocks.

Ground water generally occurs either under uncorfined (water-
table) or confined (artesian) conditions. The water table, or surface



POINT MUGU, CALIFORNIA S15

of an uncontined water body, is the upper surface of the zone saturated
with water under hydrostatic pressure; it is the level at which the
hydrostatic pressure is equal to the atmospheric pressure. Above it is
the capillary fringe, the lower part of which may also be saturated,
but with water at less than atmospleric pressure. Confined water is
contained in aquifers overlain by materials of sufficiently low per-
meability to hold water in the aquifer under artesian pressure. Even
the least permeable confining beds in an area permit slow, perhaps
imperceptible, movement into or out of confined aquifers.

Because of the heterogeneous character of the deposite beneath
the test center, confinement in them is commonly a matter cf degree,
and the time element must be considered. In such deposits there is
enough hindrance to the vertical movement of ground water between
separate aquifers that differences in head between the aquifers exist
during periods of heavy pumping. During periods of little draft, the
head in all the aquifers may recover to a level common with the water
table. Such conditions of occurrence commonly are called semi-
confined to indicate that, although the aquifers are subject to pres-
sure effects over short periods, the head adjusts to equilibrium with
the water table over long periods of time and under stendy-state
conditions.

All the ground water beneath the test center is semicor fined be-
tween lenticular beds of clay and probably is in hydraulic continuity.
The unconsolidated deposits are permeable, and, although lenticular,
do not contain known barriers which would impede the horizontal
movement of ground water.

The permeability of the unconsolidated deposits is highly variable,
and therefore they do not yield water to all wells at the same rate.
Ground water is readily obtainable, however, from wells penetrating
sufficient thicknesses of sand and gravel. As stated previously, the
ground water is semiconfined, but where a difference in head exists
between adjacent water-bearing units the water can move vertically as
well as laterally. For this reason, under present conditions of pump-
ing in the area, it is most likely that the unconsolidated deposits act
largely as a single ground-water body and that pumping from one
part. of the aquifer produces an effect on the entire body. Three
separate water-yielding zones were described by the California State
Water Resources Board (1956a, b) in the area north of the test center.
These zones could not be differentiated by the author in the area south
of Hueneme Road, and additional test drilling and test pumping
would be required to demonstrate conclusively whether the zones exist
in this area.

Many local water users have expressed the belief that a barrier to
ground-water movement may be present between the coast and the
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test center supply wells, possibly because of differences ketween water
levels in deep and shallow wells. The geologic sectiors and water-
level contours do not substantiate this belief, however (pls. 1,2). The
different water levels observed in closely spaced wells of different
depth south of Hueneme Road are attributed partly to differences in
hydrostatic head caused by pumping. These wells obtain water from
permeable sand and gravel lenses, separated by silty clay semiconfin-
ing beds. Under these conditions, when most of the pumping is from
deep wells, the water level in shallower wells is nearest the land sur-
face (pl. 1; fig. 3).2

In January 1959 the altitude of the water level in the wells south
of Hueneme Road ranged from 12 feet above sea level in sec. 26, T.
1 N, R. 21 W., to about 40 feet below sea level in sec. 31, T. 1 N., R.
21 W. (pl. 1).

SOURCE AND MOVEMENT

The source of the potable ground water in the test center area is
the precipitation that falls within the drainage areas cf the streams
tributary to the Oxnard Plain. Except for local sea-weter encroach-
ment there is no evidence of movement of ground water to the Oxnard
Plain from other sources. Natural recharge to the ground-water
body is by infiltration of water from streams during periods of heavy
runoff and, to a lesser degree, by the infiltration of rrinfall on the
alluvial plain. In addition to natural recharge, some artificial re-
charge is done by the United Water Conservation District, formerly
the Santa Clara Water Conservation District. Beginning about in
1928, surface water was diverted into spreading basins along the Santa
Clara River and on the alluvial cone of Piru Creek, thus salvaging for
beneficial use water that otherwise would flow into the ocean.

Under natural conditions ground water moved from the north and
northeast beneath the Oxnard Plain toward the coastline. The
ground-water discharged in part directly into the IPacific Ocean
through permeable lenses that crop out on the ocean floor, by seepage
at land surface, and in part by evaporation and transpiration from a
large area where the head was near or above the lanc surface. In
the spring of 1944 the direction of ground-water movement was
nearly the same as that under natural conditions, although the gradient
was affected locally by pumping from wells (pl. 3). Since 1944 the
combined effects of heavy ground-water withdrawal and a series of
dry years have been to reverse the slope of the piezoretric surface
and to induce the landward movement of water from the Pacific
Ocean toward the test center. As shown on plate 1, a cone of depres-

2 Under natural conditions the depth to water in the deeper wells was shallowest, and
many of the deeper wells in the area flowed when first drilled.
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sion is centered in about the NE14 of sec. 31, T. 1 N, P. 21 W, and
the slope of the piezometric surface is landward in tl's area south
of Hueneme Road as of January 1959.

Two sets of water-level contours (pl. 1) define the piezometric
surfaces in wells 500 feet or less in depth and in wells greater than
500 feet in depth. The contours show that these two surfaces are
distinct from each other. The piezometric surface in the zone deeper
than 500 feet shows a more pronounced decline than does that in
the shallower zone. Because water levels in confined aquifers drop
more readily in response to withdrawal of ground water than do water
levels in unconfined aquifers, this may indicate a greater degree of
confinement in the lower part of the ground-water body.

Water-level contours based on measurements in wells completed
in the upper 500 feet of the ground-water body show a ground-water
divide extending northwestward from the NW1/ sec. 34, T. 1 N, R. 21
W. (pl. 1). From this divide ground water moves northeastward,
toward an area of depressed water levels created by heavy withdrawals
for irrigation, and southwestward, toward the depress’on caused by
pumping at the test center (pl. 1). The pumping depression at the
test center is elongated in an east-west direction and is cantered in the
vicinity of well 1N/21-31J1. Ground water moves toward this de-
pression from all directions but principally from the ncrth and from
the Pacific Ocean on the southwest. As the water levels in the test
center are everywhere below sea level, conditions are established under
which salty water from the Pacific Ocean moves toward the area of
ground-water withdrawal. Although data are not presently available
to delineate the areas in which seawater encroachment already has
occurred and to determine the rate of advance, continued pumping
under the present conditions will result in continued encroachment,
thus endangering the test center supply.

A similar pattern of ground-water movement is shown by water-
level contours based on measurements in wells tapping deposits deeper
than 500 feet (pl. 1). The water levels in these wells are about 10 to
20 feet lower than those observed in the shallower wells; however, the
landward direction of movement, and thus the hazard of sea-water en-
croachment, is similar for the two zones, except, perhaps, for the
greater distance to the submarine outcrop of the deeper deposits.

In January 1959 the head of the water in the shallow zone was
higher than that of the water in the deep zone, as shown by the water-
level contours (pl. 1) and by the hydrographs of wells IN/21-32G1
and 1N/21-32K1 (fig. 3). Because of this head differential, ground
water can move downward from the shallow zone to the deep zone.
Because the permeability of the deposits is unknown, the rate of
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ground-water leakage into the deposits below 500 feet could not be

estimated.
WATER-LEVEL FLUCTUATIONS

Under the natural conditions, which prevailed in the test center area
before large-scale pumping began, a state of equilibrium existed be-
tween natural discharge and natural recharge, the ground-weter levels
and the amount of ground water in storage varying only with alternate
wet and dry periods. Because of a series of dry years and increased
ground-water pumping since 1945, however, discharge has exceeded
recharge, resulting in declines of water levels and depletion of ground
water in storage (pl. 4).

Available water-level records for the test center area include periodic
measurements made by the Ventura County Department of Public
Works and the United Water Conservation District, and those made by
the California Department of Water Resources and U.S. Geological
Survey in connection with ground-water studies in the area.

Hydrographs of the water level in seven wells in the test center
(pl. 4; figs. 3, 4, 5, and 9) show both the seasonal and long-term effects
of pumping in the area, superimposed on the trends controlled by re-
charge during wet and dry cycles. From 1945 to 1959 a general de-
cline of about 50 feet in the deep zone and about 20 feet in the shallow
zone occurred (pl. 4). Well 1IN/21-27F1, in which the decline of 50
feet was observed, is 840 feet in depth, and well 1N/22-25C2, in which
the decline of 20 feet occurred, is 270 feet in depth. Thus, a direct
relationship is shown between well depth and the rate and amount of
water-level change which, under present pumping conditions, may
indicate a lower coeflicient of storage and greater degree of confine-
ment in the lower part of the ground-water body.

Superimposed on the long-term trend is a marked seasonal fluctua-
tion of the water level caused by heavy pumping during the summer
months. Beginning in March or April of each year water levels de-
cline in response to pumping for irrigation in the Oxnard Plain as
well as to increased pumping at the test center. As with the long-
term water-level trend, the seasonal fluctuation varies in rate and
magnitude with the depths of the wells, those completed in the deep
zone showing the greater declines.

At this time it is not known whether there is more pumpage from
the shallow zone than from the deep zone. Although it app-ars that
more wells south of Hueneme Road are pumping water from the shal-
low zone, many deep irrigation and supply wells pump water from the
deep zone (below 500 ft), and the pumpage from them may be greater.



CONTRIBUTIONS TO THE HYDROLOGY OF THE UNITED STATES

S20

“TTTE-13/NT 194 Jo ydsiSoipSAH—'% =¥ndLI

6561 8561 £G61 9661 GG6T $G61 €661 2661 1661 0661 6v61
08—
0L~
09—
(0g6T Ut
7> } 0GZ 1 |jom ul 38s Bnjd Juawad ‘Y Z2/6-018 pue
05 ‘00£-029 '0£5-94¥ ‘0ZY-0G€ 'suonesopad 'y £8G1
/ / / yidap |euiBLio 'y 68°8 ‘He ‘€ |1dm Aiddns) T11E-12/NT
ov A
0€— \ v
1
I \/
: < f 5 # / # AN AN
074 v ,m v \
/ , / / ¢ /
o Vi U )
0

08—

0L—

09—

0s—

ov—

0g—

0c—

01—

13A37 v3IS NV3IW MO138 ¥O 3A08Y 1334 NI ‘30V4HNS ¥ILvm 40 3anLILTV



821

POINT MUGU, CALIFORNIA

08—

0L—

09—

0s—

ov—

og—

0c—

01—

ILIS—TE/NT P4 Jo ydeaSoapfH—'¢ duadLq

65661 8661 £G61 9661 GS61 G661 €661 CcG61 1661 0661 6¥61
. ajqeJnseaw Jaduo| ON
6661 Ul Aemunu piaijiie AQ Paisnod |9
A
\ (umouy Jou suoneJoyiad
> N 5 009 Yidap Y4 TT°0T “He ‘v 119m Alddns) Tr1€-TZ/NT

AWA

N

/
ATV

i

\.\/

\J

Q
i

o
~
i

o o o
g B 2
13A37 VIS MOT38 HO 3A08V 1334 NI 30V4HNS ¥ILVM 40 3ANLILTY

(o]
—
1

o

690-461 O-63~4



S22 CONTRIBUTIONS TO THE HYDROLOGY OF THE UNITED STATES

PUMPAGE

The annual water requirements for the test center have increased
from about 175 acre-feet in 1948 to about 1,255 acre-feet in 1959, as
shown below.

Annual pumpage from wells at the Naval Air Missile Test Center,
Point Mugu, Calif., 1948-59

Pumpage Pumpage Pumpage
Year (acre-ft) Year (acre-ft, Year (acre-ft)
al75 || 1962 . __ 342 444
239 | 19563 . 438 490
301 (1954 . 400 762
295 || 1955 oo 411 1,255

aEstimated by the Geol. Survey.

This increase in water consumption, together with irrigation pump-
ing in the Oxnard Plain north of the test center, has caused the water
level to decline at a rapid rate.

The peak water consumption for the test center usually occurs
during the late spring and summer months (fig. 6), when water levels
are lowest. However, the water-supply pumping at the test center
is not as great as the irrigation pumping in the area. In 1958 a hous-
ing project was constructed at the test center and was occupied during
the late summer and early autumn. This resulted in & peak water

140

130 H—

120

EXPLANATION

110 400 E B
Annual pumpage, in acre-feet ot
100

80,

70,
60
50

PUMPAGE, IN ACRE FEET

8
|

No record

30

20

10

o

1948 | 1949 | 1950 | 1951 | 1952 | 1953 | 1954 | 1955 | 1956 | 1957

F16URE 6.—Pumpage from wells at the Naval Air Missile Test Center, Pcint Mugu, Calif.,
1948-59.
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consumption during the months of August, September, October, and
November. Despite the continued high use of water at the test center
in the autumn of 1958, however, the water levels in the sup»ly wells
began to rise in September as a result of decreased pumping for irri-
gation outside the center.

QUALITY OF WATER

The chemical quality of ground water in the test center ar<a differs
with depth and locally sea water has intruded the ground-water body.
Consequently, a knowledge of the water quality is necessary for ob-
taining the best possible water supply, planning of a pumping regimen
that will minimize sea-water encroachment, determining the extent
of sea-water encroachment, and establishing a system for observing
future changes in ground-water quality.

During the field canvass of wells, the Geological Survey collected
water samples for chemical analysis and assembled existing analyses
of water from more than 25 wells. These analyses are listed by Page
and Kunkel (1960, tables 5, 6, and 7). In addition, the U.S. Navy
supplied analyses of water from the test center wells, and the Ventura
County Department of Public Works and the United Water Conserva-
tion District supplied analyses for the area outside the test center.

The suitability of ground water for general use is determired by the
concentration of dissolved solids and the relative proportion of the
variousions in solution.

In this report, the chemical character of selected water samples
(table 2) is shown graphically (figs. 7, 8) by use of the rectilinear
plot described by Piper (1944, p. 914-923). By this method the
common cations—calcium, magnesium, and sodium plus po‘assium—
are plotted as one coordinate and the common anions—bicarbonate
(including carbonate), sulfate, and chloride—are plotted as the other,
all expressed in percentage equivalents per million. This method
permits a one-point plot for each analysis and an immediate determi-
nation of the general character of the water by location of the point
on the graph.

A study of the available analytical data and electric logs indicated
that the water-bearing deposits can be subdivided into thres distinct
depth zones with respect to water quality, as follows: (1) A shallow
zone extending from the water surface to a depth of about 150 feet, in
which the water is salty; (2) an intermediate zone from about 150
feet to 1,000 feet below land surface, in which the water generally is
fresh but locally is brackish; and (3) a deep zone from 1,070 feet to
1,500 feet below land surface, in which the water is salty.
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SHALLOW ZONE

Electric logs of wells 1N/21-31L1, 1S/21-4E1, and 1S/21-6F1 indi-
cate that water having a high dissolved-solids content is contained in
this zone, which is about 150 feet thick. In addition, several well
-owners report that they obtained water of poor quality frorm the de-
posits in this zone. Detailed analyses of water are not available,® but,
on the basis of a few partial analyses, the water is believed to be pre-
dominantly of the sodiym chloride type.* However, chemical analyses
of water from well 1N /22-36K1, 186 feet deep, indicate that water of
potable quality may be obtained from the shallow zone locally. The
chloride content of water from well 1N/21-29R2 (perforatel 88-120
ft) was 150 ppm (parts per million) in May 1948 (Page and Kunkel,
1960, table 6).

Analyses of water from well 1N/22-36K1 (perforated 150-168 ft)
show chloride contents that range from 40 ppm in 1933 to 162 ppm
in 1957 (table 2). These analyses indicate a variation in the chloride
content of the water in the shallow zone; however, there is not suf-
ficient evidence to conclude that the increase in chloride between 1933
and 1957 at well 1N/22-36K1 was caused by sea-water encroachment.

The sulfate content of water in the shallow zone varies, It in at
least one well perforated in this zone the sulfate content of water has
remained relatively constant. Analyses of water from well 1N/21-
28G2 (perforated 138-180 ft) show sulfate contents of 163 ppm in
1927, 418 ppm in 1932, and 351 ppm in 1947 (table 2). The sulfate
content of water from well 1N/22-36K1 (perforated 150-16¢ ft) was
353 ppm in 1933, 354 ppm in 1947, and 331 ppm in 1957. DBecause
the degree of hydraulic continuity between the shallow and deep zones
is not known, it cannot be demonstrated, at this time, how the quality
of water from the shallow zone affects that of the intermediate and
deep zones. However, if there are no extensive impermeable beds
separating the shallow water from deeper water, the lowering of head

8 The analysis of water taken on January 10, 1958, from well 18/21—4E1 probably is

an exceptipn to this statement. This water probably leaked into the well from the shallow
depth zone, as it is of a sodium chloride type.

¢ In this report, terms descrlbing the general chemical character of a water follow the
usage of Piper, Garrett, and others (1953, p. 26, footnote) and are used in particular
senses, as in the following examples: ‘(1) ‘Calcium bicarbonate’ designates a water in
which calelum amounts to 50 percent or more of the bases and bicarbonate to 50 percent
or more of the acids, In chemical egquivalents; (2) ‘sodium calcium bicarbonate’ designates
a water in which sodium and caleium are first and second, respectively, ir order of
abundance among the bases but neither amounts to 50 percent of all the basesr; and (3)
‘sodium sulfate bicarbonate’ designates a water in which sulfate and bicarbonate are first
and second, in order of abundance among the acids, as above.”

6 Analyses of water from well 1N/22-36K1 for 1933, 1949, and 1957 (fig. 7) indicate
an appreciable shift in the relative concentrations of chloride with no comparab'e increase
in the concentrations of the other constituents.
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in the deeper zones by pumping would cause a movement of water from
the shallow zone into the intermediate zone.

INTERMEDIATE ZONE

The intermediate zone beneath the test center is about £50 feet thick,
extending from about 150 to 1,000 feet below land surfac>. The qual-
ity of water from wells that tap this zone has remained stable since at
least 1931, as indicated by records of water quality of well 1IN/21-26A1
(perforated 188-229 ft). The water is generally of the calcium sodium
sulfate type, but other types are present locally, such as calcium
magnesium chloride water from well 1N/22~28B1 (fig. 7, analysis 7).
Water from the latter well may show the effect of the encroachment
of sea water of modified character.

Chloride content of the water in the intermediate zone, as indicated
by repeat analysis, does not appear to be increasing, but it varies con-
siderably among individual wells (Page and Kunkel, 1960, tables 5, 6,
and 7). Chloride contents range generally from about 40 to 70 ppm,
with a few analyses showing as much as 300 or 400 ppm. However,
in 1958 the water from well 1N/22-28B1 (table 2) had a chloride con-
tent of 850 ppm. Also, in 1958 the water from well 15'/214E1 had
a chloride content of 11,800 ppm. However, the water from well
1S/21-4E1 may be from a tidal slough that is about 100 feet north of
the well and may not represent the true character of the water in the
intermediate depth zone.

Sulfate content of the water in the intermediate zone of the test
center area ranges from about 191 ppm in well 1N/22-25R1 to about
463 ppm in irrigation well 1N/22-28B1 (Page and Kunke], 1960, table
5). Water from well 1N/21-32G1 (supply well 1) contains 355 ppm,
which is considered to be a detriment to photographic processing at
the test center. For this reason, that well at times is cut off from the
water-distribution system. An unusually high sulfate content, more
than 1,100 ppm, was observed in water from well 1S5/214E1 in 1958.
As described previously, however, it probably is not representative of
the zone.

The hardness of water from the intermediate zone of the test center
area ranges from 291 ppm in well 1N/21-28C1 to 924 ppm in well
1N/22-28B1. Without treatment such water is not suitakle for general
use, as it forms scale in boilers and on utensils and requires excessive
amounts of soap for laundering.

Babbitt and Doland (1949, p. 388) classify hardness of water as
follows:
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Hardness classification for domestic water

Class 1 2 3 4
Degree of hardness..____.______ Soft Slightly | Moderately | Very hard
hard hard
Hardness (ppm) .. ________.____ 0-55 56-100 101-200 201-500

Water from the intermediate zone is “very hard” and should b~ treated

for domestic use.
DEEP ZONE

Water in the depth zone from about 1,000 feet to about 1,500 feet
below land surface appears to be salty, as indicated by an electric log
of well 1N/21-831L1 (supply well 3). This well, drilled to a depth of
1,583 feet, indicated salty water below 1,000 feet and was therefore
plugged at 750 feet and completed in the intermediate zone. Because
no other wells penetrate the deep zone and no water analyses are avail-
able from it, the exact lower limit of fresh water has not been de-
termined for the area.

Salty water contained in the deep zone probably is connate sea
water trapped in the rock interstices at the time the rocks were

deposited.
SEA-WATER ENCROACHMENT

Encroachment of sea water into the deposits beneath the Oxnard
Plain is known to have occurred in the vicinity of Port Fueneme.
Wells 1N/22-29A1, 29A2, and 29C1 were reported to have been de-
stroyed because they yielded salty water. Because water from well
1N/22-29A2 had a chloride content of only 41 ppm in 1947 (table 2), it
is inferred that the encroachment in this area has occurred s‘nce that
time. More recent evidence of possible sea-water encroachment is the
chloride content of the water in well 1N/22-28B1, which was 850 ppm
in May 1958. This well is about half a mile inland from th- Pacific
Ocean and about 1 mile east of the area where encroachment of the
Oxnard Plain was initially observed. The presence of high chloride
water at this point probably reflects an expansion of the encroached
area and an increased rate of encroachment caused by pumping in the
Port Hueneme area.

Since 1949, samples of water from well 1S/21-4E1 (obs. 2) have
been collected periodically for chloride analyses to observe the effect
of sea-water encroachment into the upper 500 feet of the deposits in
the test center. These analyses (fig. 9) show an increase in chloride
content from about 300 ppm in 1949 to more than 5,000 pprr in 1953
and about 12,000 ppm in 1958. The well was designed to permit inde-
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pendent observations of water levels in and collection of water samples
from the intervals between 180 and 190 feet and between 3¢0 and 340
feet below land surface. However, pump tests at the well indicate
that the rubber packer set at a depth of 210 feet has failed, and the
perforations in both depth zones appear to have been pluggec. There-
fore, the water levels after 1951 are not representative for the aquifer
(fig. 10). Figure 9 shows, however, a steady increase in chloride
content of water in the zone perforated from 330 to 340 feet, which
possibly could be attributed to sea-water encroachment. However,
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the lower chloride contents observed during the early parts of some
years after 1952 may coincide with periods of runoff in Calleguas
Creek and of decreased pumping in the test center area. The runoff
and reduction of pumping may be reflected by dilution of incoming
fresh water from the east, possibly including recharge from Calleguas
Creek.

The water samples from well 1S/21-4E1 (obs. 2) may have con-
tained some water that leaked into the well from very shallow zones
in direct hydraulic continuity with the tidal sloughs. The excessively
high chloride contents in this case would obscure the results of sea-
water encroachment and it therefore cannot be concluded that the
high chloride content, above and below the packer, in well 15/214E1
is caused entirely by sea water moving into the ground-water body
through its submarine outcrop.

The rate of sea-water encroachment into the deposits beneath the
test center is unknown. However, the possibility of contaminating
all the fresh water beneath the test center area will be greatly in-
creased if sea-water encroachment reaches the well field in the deposits
of shallow depth. Because of the higher head in the shallow de-
posits, downward leakage of any intruded salt water would occur
and would contaminate the supply wells.

SUGGESTIONS FOR FUTURE STUDITS
OBSERVATION WELL NETWORK

In 1959 the Geological Survey measured water levels in 37 wells
south of Hueneme Road of which 16 wells are measurel periodically
by either the United Water Conservation District or the Ventura
County Department of Public Works (pl. 1). The six supply wells
and the two observation wells at the test center are ircluded in the
network.

The water-level measurements from the wells are used to maintain
current water-level data and to show hydraulic gradients and differen-
tials of head in the water-yielding deposits. Also, periodic chemical
analyses are made from the water from 16 wells soutl of Hueneme
Road by the United Water Conservation District, the Ventura County
Department of Public Works, or the Geological Survey, in order to
provide data used in detecting and monitoring the rate of sea-water
encroachment into the water-yielding deposits beneath the test center.
Therefore, because of the threat of sea-water encroachment, it is sug-
gested that the observation well network be expanded and that the
measuring and sampling of wells be continued.
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In the critical area, between the ocean and the test center supply
wells, the network of wells for observing changes in water l2vels and
quality of water in the shallow zone consists only of wells 1£'/214E1
(obs. 1) and 1S/21-6F1 (obs. 2). This is an insufficient number of
wells to detect adequately and monitor the rate of sea-water encroach-
ment into the shallow zone, which is the zone subject to the greatést
danger. Furthermore, the water-level and chemical-quality data
from well 1S/214E1 (obs. 1) may not be reliable. In order to in-
sure reliable data, both observation wells should be rehabilitated.
Also, well 1N/22-27F2 (perforated from 130 to 230 feet but now inac-
cessible for water-level measurements)® should be added to the obser-
vation well network. In addition, one observation well, p>rforated
from 10 to 150 feet, should be drilled in the NW14SE1/ sec. 35, T.1 N,
R.2W.

The work suggested here would provide a minimum number of
wells to detect and monitor the rate of sea-water encroachment beneath
the test center, and should help the Navy to plan for a supplemental
supply of water before the fresh water in the deposits beneath the
center is contaminated.

TEST DRILLING

In addition to drilling a new observation well in the NW14,SE1,
sec. 35, T. 1 N., R. 22 W., as suggested in the previous section, test
wells should be drilled to determine more accurately the thickness of
the water-bearing zones, the hydraulic gradient in each zone, and the
hydraulic characteristics of the deposits. Collection of data for the
deposits between 750 and 950 feet is particularly critical because
these deposits are a source of water, which if properly developed,
may be relatively free from sea-water enroachment for many years.
However, to date virtually no data have been collected for these
deposits.

To supply the necessary data, two sets of three closely speced wélls
should be drilled. One set-of wells should be near well 1S/214E1
(obs. 2) and the other set should be near well 1S/21-6F1 (obs. 1).
They would be used to determine the character of the degosits and
could be used as permanent observation wells for water-level and
chemical-quality data. The generalized specifications for proposed
test wells are given below.

5 There is no access for measuring the water level in well 1N/22-27F2. It is suggested
that the Navy secure permission and arrange for such access by means of a hole in the
casing.
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Depth of proposed test wells

Estimated

Location of well maximum Perforated

dept(lfl o{)well zone (feet)
e

1 Near 18/21-6F1 (obs. well 1) _______________.____ 200 10~ 150
2 Near 18/21-6F1 (obs. well 1) ______________________ 750 | 200~ 750
3 Near 18/21-6F1 (obs. well 1)______________________ 1, 200 | 800~1, 200
4 Near 18/21-4E1 (obs. well 2) ___ _____ ______________ 200 10~ 150
5 Near 18/21-4E1 (obs. well 2)____ __________________ 750 | 200~ 750
6 Near 18/21-4E1 (obs. well 2) ._____________________ 1,200 | 8001, 200
7 NW{SElisec. 35 T.1 N, R.22W_______________ 200 10- 150

If the two existing observation wells can be rehabilitated it would not
be necessary to redrill wells 1 and 4 shown in the preceding table.

Depending on the results of drilling and testing the wells described
above, it may be necessary to drill and test pump 1 or 2 additional
observation of wells of intermediate depth (750 ft) to determine the
coeflicients of transmissibility and storage of the deposits.

TEST PUMPING

Testing of the water-bearing deposits beneath the test center would
be done by using the test wells described in the preceding section.
Test pumping under carefully controlled conditions cen be used to
determine whether the aquifers of each zone are in hydraulic continui-
ty with each other and the ocean. Also, if the tests are successful,
the data from several tests can be used to estimate the coefficients of
transmissibility and storage. It is necessary to know there coefficients,
together with quality of water data from the test well~ to estimate
the rate of sea-water enroachment into the aquifers beneath the test
center.

Hydraulic continuity between the water-bearing deposits could be
evaluated by pumping the wells which tap the deposits between 200
and 750 feet at the sites of wells 1S/214FE1 and 1S/21-€F1. If these
wells of intermediate depth are pumped the drawdown effects, if
any, in the shallow and deep test wells, would demonstrate hydraulic
continuity between the three zones. If the testing at these two sets
of three wells does not show hydraulic continuity between all of the
aquifers and if the coefficients of transmissibility and s‘orage cannot
be computed, it will be necessary to drill another observation well of
intermediate depth (750 ft) near well 1N/21-32A1 (supply well 5).
A pumping test, using well 5 as the pumping well and the new well
as the observation well, would provide data for computing the coeffi-
cients of transmissibility and storage of the deposits between 200 and
750 feet.
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If the testing at the sites of existing observation wells 1 and
2 shows hydraulic continuity between the zones at these sites, it will
be necessary to drill two observation wells of intermediate depth
near supply well 5 to determine the coefficients of transmissil-‘lity and
storage. These two additional observation wells at supply well 5
would be necessary because, in a leaky aquifer, one observation well
or several penetrating wells do not provide reliable data for deter-
mining the coefficients of transmissibility and storage.

It will be necessary to drill the proposed wells and make the test
at the sites of observation wells 1 and 2 before a final decision can
be made regarding the need for drilling and testing near supply
well 5.

In any event, the drilling of the seven proposed wells should be
completed in order to detect and monitor the rate of sea-water enroach-
ment into the water-bearing deposits beneath the test center.

DEVELOPMENT OF ADDITIONAL SUPPLIES

Conditions have been established under which sea-water encroach-
ment has begun in the seaward extension of the deposits underlying
the test center. Continued withdrawal of ground water at the present
rate will result in the continued advance of sea water, thus endanger-
ing the test center water supply. Poland, Garrett, and Mann (1948,
p. 32) listed the following possible sources of additional water sup-
plies, which are the only economical sources at the test center: (1) de-
velopment of water-bearing deposits between 500 and 750 feet deep,
(2) development or purchase of a supply from a source outside the test
center and far enough inland to reduce the danger of sea-water en-
croachment, or (38) tapping aquifers, which are deeper than those
now tapped by existing wells.

Future supply wells at the test center should be completed to tap
the deposits more than 500 feet below land surface. Because the out-
crop of the shallower deposits is nearer the coast than the outcrop
of the deeper deposits, increased or continued pumping from the de-
posits shallower than 500 feet below the surface will cause sea water
to enter those deposits and override a large amount of fresh water
contained in deposits deeper than 500 feet. Because the hexd in the
shallower deposits is higher than the head in the deeper deposits,
sea-water encroachment into the shallow deposits could, by downward
leakage, contaminate and destroy for future use the fresh water in the
deeper deposits. Therefore, to retard or prevent sea-water encroach-
ment into the shallow deposits, the test center first should utilize
the large quantity of water contained in the deeper deposits and then
conserve for later use the water contained in the shallower deposits.
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In addition to ground water beneath the test centev, sources of
ground water outside the test center area may be consicered, the use
of which would reduce or delay sea-water encroachment and reserve
the test center well field for emergency or supplemental supplies.
One such outside source is the property, with related water rights for
development of ground water from existing or new wells. to the north-
east of U.S. Highway 101-A and between the test center and the town
of Oxnard (Poland and others, 1948, p. 33). An alternate area
would be approximately 2 or 3 miles directly north of the test center.

A third source of water outside the test center would be the pur-
chase of water from the United Water Conservation District. Pur-
chase of water from this source would result in a decrease of ground-
water withdrawal at the test center well field, thereby reducing the
threat of sea-water encroachment, making it possible to artificially
recharge the ground-water reservoir. The United Water Conserva-
tion District operates spreading basins near Saticoy into which flood-
water is diverted during the rainy season to augment the natural
ground-water recharge. Presumably, water purchased from the dis-
trict would be pumped from wells in the Saticoy area, about 10 miles
northwest of the test center and would be carried by pipeline to the
center.

In addition to the sources described above, the depth zone from
750 to 900 feet should be considered as a possible source of ground
water. Wells 1N/21-311L1 (supply well 3) and 1N/21-32A1 (supply
well 5) were drilled to depths of 1,583 feet and 803 feet. respectively,
to explore the deposits beneath the test center for prductive con-
fined aquifers. The logs of these wells, however, indicate no confin-
ing strata of low permeability which would prevent contamination
of the water in the deep zone by salty water moving downward from
the shallow deposits. However, the electric log of well 1N/21-31L1
shows water of fair quality in the zone of permeable deposits between
750 and 950 feet below land surface, underlain by salty water below
1,000 feet.

Although no extensive confining layer appears to be present, the
750- to 950-foot zone should be considered as a potential source of
ground-water supply, as there is presently no withdrawal of water
from this zone in the test center area. Development of this zone for
the greater part of the test center supply would permit a reduction
of pumping from the shallow deposits and thus would slow the ad-
vance of sea water in the shallower zones. Such development may
result eventually in some encroachment into the deeper zone, either
from the sea or by upward migration of saline water beneath this
zone. However, because of the greater distance of the seaward out-
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crops of the deposits from the test center, the threat of sea-water en-
croachment into the deposits beneath the test center would b= reduced
to the minimum,

Any plan utilizing one or more of the suggested sourcer for the
test center water supply should provide for reducing withcrawal of
water from the deposits shallower than 500 feet. If all tI'~ future
water supply is obtained by continued and expanded use of the present
well field, all future wells should be completed at depths greater than
500 feet, and preferably in the zone between 750 and 950 feet below
land surface, where the water is of good quality. Therefore, the
following wells which are perforated above 500 feet should not be
used except for emergency use.

USGS Well Navy No. Perforated interval (feet)
IN/21-31L1 . Supply well 3_________.__ 350—%20; 476-530;
620-700
1N/21-32G1__ . ____ Supply well 1___________ 121-137; 311-325;
417-432

The remaining supply wells are perforated and pump almo<t exclu-
sively from the deposits below 500 feet; therefore, their continued use
does not seriously affect the status of sea-water encroachment in the
shallow zone. This pattern of pumping, however, does not preclude
sea-water encroachment into the deposits below 500 feet.
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